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A little (biased) context iy

e | was asked to give this talk (I assume) because | have been doing LLP searches for the better part of 2 decades
¢ [ ong before the recent surge in interest
e Why?
¢ |t has long been my belief one of the best ways to make a discovery is to look where no one has before

¢ For my LLP searches this has often meant developing new triggers, reconstruction, analysis ideas, and
detectors/experiments

e n this way over the years [\vie developed a suite of techniques that cover the entire relevant lifetime range

e Combined with the work of others, and the increasing popularity of these analyses, the LLP coverage at
LHC is now pretty good (see below)

Overview of CMS long-lived particle searches

CMS Preliminary 3-140fb~1 (8, 13 TeV)
RPV UDD, g—tbs, mg= 2200 GeV Fi /1808.03078 (Disp. vertices)  0.0006-0.08 m| 38 fo! (13 TeV)
RPV UDD, g-tbs, my = 2500 GeV F (CMS-PASEXO-19.021 (Displaced jets)  0.003-1m 13267 (13 Tev)
RPV UDD, £~dd, mi = 1300 GeV ¢ 11808.03078 (Displaced vertices)  0.0004-0.1m 38 ™! (13 TeV)
RPV UDD, £-dd, mi=1600 GeV t |CMS-PAS-EX0-19-021 (Displaced jets)  0.002-1.32m 132 b7 (13 TeV)
RPV LQD, E=bl, mi= 600 GeV { | 180805082(2u+2jets) <0.031m 36 b (13 TeV)
RPV LQD, t=bl, mi= 600 GeV t |CMS-PAS-EX0-16-022 (Disp. e +disp. W) 0.0005-04m 31071 (13 TeV)
RPV LQD, t=bl, mi= 1600 GeV t CMS-PAS-EX0-19-021 (Disp. jets) [N GGes=02am 132 fb™! (13 TeV)
GMSB, §-gG, mg = 2450 GeV g CMS-PAS-EX0-19-021 (Disp. jets) 0.006-0.55 m 132 fb~! (13 TeV)
GMSB, §-gG, my = 2100 GeV g 1906.06441 (Delayed jet + MET) 0.32-34 m 137 fb™! (13 TeV)
Split SUSY, g»qqx}, ms = 1300 GeV g 1802.02110 (Jets + MET) <lm 36 b1 (13 TeV)
Split SUSY (HSCP), f5o = 0.1, m; = 1600 GeV § CMS-PAS-EX0-16-036 (dE/dx) >0.7m 13 b1 (13 TeV)
mMGMSB (HSCP) tanf= 10, u>0, m; =247 GeV 1 CMS-PAS-EX0-16-036 (dE/dx + TOF) >75m 13 b1 (13 TeVv)
gﬁ Stopped t, t-+tx?, mi =700 GeV t 1801.00359 (Delayed jet) §0—15e+13 m 39 b~ (13 TeV)
Stopped g, G~qGx7, fip= 0.1, m;=1300 GeV g 1801.00359 (Delayed jet) 50—-3e+13 m 39 b1 (13 TeV)
Stopped g, G—+qax3(uuxi). fio=0.1, m; =940 GeV 4 1801.00359 (Delayed pp) 600-3.3e+12m 39 b~ (13 TeV)
AMSB, x* =xin*, m,= =700 GeV x* 2004.05153 (Disappearing track) 0.7-30 m 140 fb~! (13 TeV)
GMSB SPS8, xi»yG, my: = 400 GeV X 1909.06166 (Delayed y(Y)) 02-6m 77 b~ (13 TeV)
H-XX(10%), X—~ee, my =125 GeV, my =20 GeV x | [1411/6977 (Displaced dielectron) ! ! ! 0.00012-25 m 20 fb~1 (8 TeV)
5 H=XX(10%), X—pp, mu =125 GeV, mx =20 GeV  x | [1411:6977 (Displaced dimuon) i ] ] ] 0.00012-100 m 20 fb=1 (8 TeV)
] H=XX(10%), X—=bb, mu =125 GeV, my =40 GeV X |CMS-PAS-EX0-19-021 (Displaced jets) ~ 0.001-0.53 m 132 fb~! (13 TeV)
dark QCD, mx, =5 GeV, mx, = 1200 GeV X 1810.10069 (Emerging jet +jet) 0.0022-0.3 m 16 b1 (13 TeV)
L L . L L L .
104 103 1072 1071 10° 10! 10? 10°
ct [m]
Selection of observed exclusion limits at 95% C.L. (th inti i -axis ti indi i -li i LHCP 2020 2
6 C.L. (theory uncertainties are not included). The y-axis tick labels indicate the studied long-lived particle.



ATLAS & CMS current LLP programs B

o Ultilize different sub-detectors, with different x4 disappearing or
experimental challenges to cover full lifetime range: Wty g0 Sllellelnd \
L | non-pointing
e Jracker o \ ’:'/____,---"(converted) photons
¢ Find displaced tracks, vertices displaced leptons, /

lepton-jets, or

.:“ .:::-\::'\:--
AN
S emerging jets

¢ Find tracks that “disappear” (or kink) / lepton pairs \
¢ Use low/high dE/dx information to indicate e
passage of BSM particle |_low-EMF jets

quasi-stable

* |D displaced photons via conversions multitrack vertices in the charged particles

muon spectrometer

e Calorimeters / / / \

¢ Find displaced jets

e Anomalous jets as indication of new force .
(too few tracks and/or “emerging”) N.B. Due to exponential nature of

decays combined with finite
resolution, short lifetime limit of
tracker based analyses overlap
with coverage from prompt
* Stopped particles searches (to some extent)

e Stopped particles
e Muon systems

¢ Highly displaced vertices
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Coverage will be good at HL-LHC too

e Due to increased interest, and generally ExampleS from CMS:
more capable detectors, overall | expect * FTR-18-002: Dark photons to displaced 4

. . + https://cds.cern.ch/record/2644533
this coverage will be as good or better for

the HL-LHC - FTR-18-018: L1 track jet trigger for displaced jets
+ https://cds.cern.ch/record/2647987

e But while extending reach by

repeating existing LLP analyses in * MTD TDR (TDR-19-002)

— Delayed photons (Section 5.4.2)

the HL-LHC era should certainly be — HSCPs (Section 5.4.3)
done
» CMS Muon TDR (TDR-17-003)
e (and there will be a lot of non-trivial — HSCP with RPC trigger (Section 8.2.2)
Work to adapt these to the

. .  Tracker TDR (TDR-17-001)
challenging new environment) — HSCPs (Section 6.5.5)

e Some work already done for ESG +

CMS Phase-2 Simulation Preliminary 1 4 TeV
T

TDRs (see examples at right) but 5 Esemssx?ﬂ g mumeme ]
Snowmass probably should play a 5 ol e
role in also studying this 10° -
e However, for the most part this is 1100 §
not looking somewhere no one has ik 3
before (in the same way that has 107 3
motivated me in past) 10" 200 a0 600 80 1000

A[TeV] 4


https://cds.cern.ch/record/2644533
https://cds.cern.ch/record/2647987

LLP searches are inherently experimental

e While it is always inspiring to hear new theoretical ideas that invoke
LLPs (as in the previous talk), what LLP searches can actually be done
boils down to experimental capability (+ time needed to implement)

e [here is a balance here, something might be well motivated
theoretically but so experimentally difficult that it will never actually

happen
¢ | can give you many such examples

e While Snowmass is the perfect time to explore ambitious ideas,
we should be cognizant of the fact that Snowmass studies will not

necessarily represent reality

e The LHC experiments were (for good reasons) not designed for LLPs

e [his remains true for HL-LHC

e However, both ATLAS/CMS will have new experimental
capabillities

e There will even be some new LHC experiments

¢ |IMHO Snowmass LLP studies should focus on how to exploit these
to look where we could not before
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disappearing or
kinked tracks

e.g. rewriting global
tracking to find kind
kinked tracks
anywhere is ill advised
... they are just
disappearing tracks!

(S/B is very high so
can easily find the
kinked track in such an
event, possibly even by

eye)
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Effect of HL-LHC Tracker Upgrades on LLP programs =~ ==

e Tracker based signatures will definitely be impacted

“stub’ ass fail
pass
e Both CMS/ATLAS new trackers with some degree of new \I [ /\
triggering capability NE mm[ 0
¢ Triggering is often a limitation of reach of searches with ' Td,
tracker based LLP signatures X <o un )
o CMS will have triggers seeded at L1 with a track
e No need for ISR triggers for neutral final states (e.g.
disappearing tracks) Some good work \
e Direct triggering on displaced vertices already done here by, 1| ™\ <
Y. Gershtein, S. i O
* Potential game changer that should be studied for Knapen 1\\\
Snowmass arXiv:1907.00007 :\\\ \\
o One caveat is trackiets formed in O1, so will not help X
with shortest lifetimes ... maybe "appearing tracks”? Lot
HL-LHC | | m‘@ =0.5 GeV

o AFAIK ATLAS baseline does have triggering at L1, but LHCh ___ ]

upgrade with regional tracking at L1 under consideration : 108 |
So could also benefit from studlies o2
e Not all impacts are positive %?
10 |
=
e CMS will have ~binary readout so less dE/dx discriminant . RN
fOI' HSCPS |eSS Eﬂective [— GB3G6v  — (196 (;, 3)\GeVl\
1011 T T T T
e Fairly wel-studied alreadly v Y e 0



Effect of HL-LHC Timing Upgrades on LLP programs

e *Both CMS/ATLAS* will have timing detectors for the
first time for HL-LHC

Unprecedented timing precision of ~30 ps

Timing is already employed in LLP searches
(HSCR displaced photons, displaced jets) so will
obviously help

Also important to preserve viability of existing
program in presence of PU (e.g. searches relying
on ISR triggers) Fo.to

Enables LLP mass reconstruction with LLP
discriminating precision

| personally do not think it is too late to make
case for timing in the trigger (at L1 in CMS)

e Upgrades are always late, and you can always
upgrade an upgrade

¢ Yes, its not in the baseline — so what?
e Potential impact here is hard to overstate

Snowmass perfect forum to move the ball along
here

*ATLAS limited to forward region only
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Delay between LL object and PV Delay between prompt and LL object

* Seed triggering on large time differences
between electron/muon/jet/photon and a prompt
object.

* Seed triggering on large time differences
between electron/muon/jet/photon and the PV.

Delay between two LL objects Discrimination on beta Pile-up cleaning
* Time difference between LLP

(which can be also large)

* Seed on low beta particles
* Path length / time diff wrt PV

* Cleaning tracks entering into
other displaced object
algorithms.

y L
7}\\ \‘

L. Soffi, INFN Roma 7



Effect of HL-LHC Calorimeter Upgrades on LLP i

* Here, | focus on CMS where the entire HCAL will be replaced with a “high
granularity” Si imaging calorimeter (HGCAL) /

e first of its kind, will provide more information about hadronic ——r
showers than ever before ‘

¢ Tracking, calorimetry, timing, all in one! JTQ I
e Large, expensive, project — focus to date has (correctly) been on ff i =i
securing funding, engineering —=
e HI -LHC potential for LLP not well explored (AFAIK, save some nice
work by theory colleagues, see right)
¢ Opportunity again for Snowmass to make impact
e How can use all this information to search for LLP? *
* Find displaced vertex inside HGCAL (using tracking)? L ;ﬁ""':"m,';';/’;/,,'f“ o
¢ Reconstruct mass of decays to neutrals inside HCAL (using timing)? 3:2 Gg\?:j \ ‘7
¢ Non-SM jets using multiplicity, dE/dx, shower 3D shapes %:2
e \ery exolic stuff e.g. lepton jets monopoles, SUEP. .. ) ° I s §§§§{:
ggF Result (X - bb).

1077 : ;
10 102 102 10" 10° 10' 102 10® 10* 10°

ct[m]

J. Liu et al
arXiv:2005.10836

e | really think, at least for CMS (ATLAS is already doing some of these
things) there is a need for good ideas, followed by good studies here



The role of LHCb in LLP searches s

e | confess to not having thought much about 909% CL uppe limit on nm(4), 2] / nffm( ).
this topic, but include it here for completeness  + " Fa i o

]

e Because B’s are LLPs, well-suited for (low
mass) exotic LLP searches

107°

e Current program includes an LLP search 10710
component (e.g. dark photons) -

S = N W A AN 0O =

7350
m(A’) [MeV]

T30 300
e For LHCb, HL era starts soon (Run 3)

o Plan is t “Turb diam” Opportunity* for Snowmass studies on how to
ar is 1o use ~1urbo paraaigm exploit this capability for LLPs, also overlap with

e Do physics analysis on trigger output CMS/ATLAS programs

directly (30 MHz) *not much time before Run 3 ...

SciFi

magnet

e Core programme: 1- and 2-track selections

T track
— o Cut [hard] on one or more of pr,

displacement, e/ ID, vertex quantities

uT

VELO

upstream track

long track

e VELO geometry restricts LLP vertices to
T O(1cm) radial and O(10 cm) longitudinal
downstream track displacement from beam spot

VELO track

O. Lupton (LLP @ LHC 2020)



New LHC Experiments
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e There will also be (at least one) new LHC experiments during the HL-LHC era (e.q)
e FASER (downstream of ATLAS)

¢ Funded, under construction
e milliQan (off CMS beam line)
e MATHUSLA (on surface above CMS)

e These experiments “pick up” the LHC LLP search program beyond the radii of ATLAS/
CMS

e Remember, lifetimes are exponentially distributed

e Just like prompt searches overlap with LLP searches at the short lifetime, the
ATLAS/CMS LLP programs overlap with these new experiments

® Have been looked at some by the new exp. proponents
e But, in some/all cases these experiments could be used to trigger ATLAS/CMS

e Jhis has not been studied nearly enough IMHO and is a good candidate
for Snowmass

Multi-layer tracker

displaced kinked tracks
multitrack vertices i i \_
non-pointing
N erted) photons

displaced leptons,
lepton-jets, or
lepton pairs

N
/ |

trackless,
low-EMF jets
quasi-stable
charged particles
multitrack vertices in the f] Q
muon spectrometer

>

77 Dralnagevrg?!I’Ii% milli?an

CMS Q& I

cavern ‘b‘b‘r .

1 I e gad [

! | Rp=43 .
al &), e

| | Frrrrrer

| @

' ' To
_ - [ surface

4m
Surface 5m
\ aamw Double layer tracker V
S ... ey )
4§ 90 m rock - -
-
\ v ora LLP decay vol
y volume
\\ AT ‘;.,,\’5",?‘.480 m \\ Floor d = — = il
x \\\7\ 12 ' l,’ ’,¢¢
[ 7’ ’f
w lﬁ\ ” 52 ,/"
\ ’ .2 Neutral LLP
. N\ ,,’ - 2 ~60 m
X i \ \ Raltnd
X SPS \ N s
\___oFS \ ,\\ ,/’,’
. 5
\\ A FAS E R [ 27 LHC beam pipe
cMs | — N 1
bad m

100 m
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Overlap with DM (Snowmass EF10)? CF? IF? "o

e There is an obvious synergy between LLPs at LHC and

X q X o X q . X
dark matter candidates and/or dark sectors >_L< I >&§X
X q ¢ "N~q ¢ g

e |Vhat makes these “dark” is some kind of suppression

q q g q
of interaction with SM >“< ﬁ
4 l

q q q I

e [f you produce DM from SM collisions at LHC, same

suppression of decays back to SM result in long
lifetimes

e Despite being on the APS/DPF committee that helped to

set up this Snowmass, | am not really sure how to handle E =
such overlaps

== m,=12keV, Ty =50GeV
my=12keV, Ty = 100GeV

== m,=12keV, T =160GeV

— my,=12keV, T =10"'GeV

e But clearly work on LLPs EF9 should be made aware/ » @MM
available to EF10 somehow — pLsenTeY

300 400 500 HSCP@8TeV (TOF)

. mp [GeV] HSCP@13TeV (TOF)

arXiv:1811.05478 — HSCP@8TeV (track.)

e From EF10 side, | think C. Daglioni is the point of r Goudelis. DMALH 2020 | = DA
contact?

Connection between the relic abundance with the parent particle lifetime:

e [here is also a similar (but maybe worse) issue with
the overlap with the cosmic and intensity frontiers

o~ 45 megn (012 ( ms ) 200GeV 2 102 \*? ];T:/TT,Zdrz“Kl(r)
T gr sh? ) \100keV mp g« (mp/3) 3r/2

e | have no real suggestions here, just raising the point for e log cally
possible discussion

11
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Summary

e The LHC experimental LLP program has grown in the last few years
e Nany more “ideas” than published papers, however.

e This is because good LLP searches are hard (due to often unique experimental
challenges)

® /n my view the best ones expand the capabilities of our detectors in ways they weren't
designed to work (but within the constraint of reasonable feasibility)

e The significant new information that the upgraded HL-LHC detectors will provide should be
a great source of inspiration for LLP hunters

e Continue pushing the boundaries of LLP searches

e Snowmass is a unique opportunity to explore ideas that are beyond-the-baseline and
for which there might not be bandwidth to pursue under official ATLAS/CMS/US
projects

¢ No P6 task entitled “come up with good idea to revolutionize LLP searches in the next
decade”

e [Especially important to use this time to try to fully exploit new trigger ideas (using L1
tracks, MTDs, or auxiliary experiments)

e BTW, I’m happy to work with people on any of the above (esp. the last one) ”



That's my 2 cents. | hope | left time for discussion of
next steps ...

13



Additional Material

14



ATLAS LLP Summary Plot (cf. CMS slide 2

ATLAS Long-lived Particle Searches* - 95% CL Exclusion

ATLAS Preliminary

Status: May 2020 JL dt = (18.4-136) fb? V5=8,13TeV
Model Signature  [£dt [fb~"] Lifetime limit Reference
L | TT TTTTTT T T T T L | TorTTT
RPV T - uq displaced vtx + muon 136 i lifetime 0.003-6.0 m m(f)=1.4TeV 2003.11956
RPV 8 — eev/euv/upv  displaced lepton pair 328 )(‘f lifetime 0.003-1.0 m m(g)=1.6TeV, m(x})= 1.3 TeV 1907.10037
GGM Y - ZG displaced dimuon 32.9 X'l’ lifetime 0.029-18.0 m m(g)=1.1TeV, m(x?)= 1.0 TeV 1808.03057
GMsB non-pointing or delayedy 20.3 | x{ lifetime . o00854am SPS8 with A= 200 TeV 1409 5542
AMSB pp — xi0.xfx;  disappearingtrack  20.3 |x7 lfetime . o2230m m(x;)= 450 GeV 1310.3675
(§ AMSB pp — xivd. xixy disappearing track 36.1 )(f lifetime 0.057-1.53 m m(x;)= 450 GeV 1712.02118
@ AMSB pp — xE 0. xfx;  large pixel dE/dx 18.4 |} lifetime | 13190m m(x;)= 450 GeV 1506.05332
Stealth SUSY 2 MS vertices 36.1 S lifetime 0.1-519 m B(g — S5g)= 0.4, m()= 500 Ge! 1811.07370
Split SUSY large pixel dE/dx 36.1 g lifetime >0.9m m(g)= 1.8 TeV, m(x})= 100 GeV 1808.04095
Split SUSY displaced vix + E?‘i“ 32.8 g lifetime 0.03-13.2m m(g)=1.8TeV, m(x})= 100 GeV 1710.04901
Split SUSY 04,2-6jets -+—E}“"ss 36.1 g lifetime 0.0-21m m(g)=1.8TeV, m(x{)= 100 GeV | ATLAS-CONF-2018-003
Hoss ID/MS vix, low EMF/trk jets 36.1 | s lifetime 0.12-116m m(s)= 25 GeV 1911.12575
R FRVZ H — 2y + X 2 e, p—jets 203  |[ANEHmE 0-3 mm m(y4)= 400 MeV 1511.05542
‘H FRVZH — 2yq + X 2 p-jets 36.1 4 lifetime 1.5-307 mm m(yq)= 400 MeV 1909.01246
% FRVZH — 4yq + X 2 u-jets 36.1 | va lifetime 3.7-178 mm m(yq)= 400 MeV 1909.01246
§ H— Z4Z4 displaced dimuon 329 Z, lifetime 0.009-24.0 m m(Zy)= 40 GeV 1808.03057
H— ZZ4 2 e, +low-EMF trackless jet36.1 Z,4 lifetime 0.21-52m m(Zg)= 10 GeV 1811.02542
VH with H — ss — bbbb 1 - 2¢ + multi-b-jets 36.1 s lifetime ~ 0-3 mm B(H — ss)=1, m(s)= 60 GeV 1806.07355
5 ®(200 GeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.41-51.5m o xB=1pb, m(s)= 50 GeV 1902.03094
% ®(600 GeV) - ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.04-21.5m o x B=1pb, m(s)=50 GeV 1902.03094
®(1TeV) - ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.06-52.4m o x B=1pb, m(s)= 150 GeV| 1902.03094
N — Wt displaced vix (up or pe) + u 36.1 N lifetime 0.44-37 mm m(N)=5 GeV, LNC 1905.09787
;Z:‘ N—- W displaced vtx (uu or ue) + u 36.1 N lifetime 0.G4I-22 mm . | ! m(N)=5 (:ev, LNV 1905.09787
0.01 0.1 1 10 100 cT [m]
- Vs=13TeV | 5=13TeV
partial data full data il ol ol e il EE—
*Only a selection of the available lifetime limits is shown. 0.01 0.1 1 10 100 T [nS]
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